The thymus is well established as the major site of T cell lymphopoiesis in mammals (reviewed in 1 and 2) . As such, diversification and selection of the T cell antigen specificity repertoire would be expected to occur in that organ . With the recent availability of cloned genes corresponding to the a and ,B chains of the T cell receptor for antigen (TCR)' (3-5), more direct approaches to understanding the role of the thymic microenvironment in TCR expression have become feasible . Thus, several laboratories have demonstrated that rearrangement and expression of TCR a genes precedes expression of TCR a genes during thymus ontogeny (6-10) . Furthermore, recent in vitro experiments with fetal thymus organ cultures have provided strong presumptive evidence that the thymic microenvironment is sufficient for TCR expression (11, 12) .
The thymus is well established as the major site of T cell lymphopoiesis in mammals (reviewed in 1 and 2) . As such, diversification and selection of the T cell antigen specificity repertoire would be expected to occur in that organ . With the recent availability of cloned genes corresponding to the a and ,B chains of the T cell receptor for antigen (TCR)' (3) (4) (5) , more direct approaches to understanding the role of the thymic microenvironment in TCR expression have become feasible . Thus, several laboratories have demonstrated that rearrangement and expression of TCR a genes precedes expression of TCR a genes during thymus ontogeny (6) (7) (8) (9) (10) . Furthermore, recent in vitro experiments with fetal thymus organ cultures have provided strong presumptive evidence that the thymic microenvironment is sufficient for TCR expression (11, 12) .
Despite the overwhelming evidence in favor of thymic control of TCR expression, several models of extrathymic T cell development exist . Foremost among these is the congenitally athymic (nu/nu) mouse. Although nude mice were originally considered devoid of T lymphocytes, evidence from many laboratories has established that cells sharing phenotypic and functional properties of T cells do develop as a function of age in these animals (reviewed in 13 and 14) . In addition, limiting-dilution studies have shown that antigen-specific precursors of both cytolytic (15) and helper (16) T cells exist in nude mice, albeit at a significantly (5-10-fold) lower frequency than in their euthymic (nu/+) littermates.
In view of the presence of (operationally defined) antigen-specific T cells in athymic mice, it is of interest to establish whether nude T cells rearrange and express conventional (i .e., a/o) TCR genes, or alternatively, make use of some other surface structures to recognize antigen . In the present report, we demonstrate the expression of conventional TCR in nude T lymphocytes by both RNA and protein measurements . In addition, we provide evidence at both the protein and DNA level suggesting that the T cell repertoire in individual nude mice is frequently oligoclonal .
' Abbreviation used in this paper : TCR, T cell receptor .
labeled by lactoperoxidase-catalyzed iodination and lysed in a buffer containing 0 .5% NP-40 and 0 .5% deoxycholate . Lysates were precleared twice with normal human Ig coupled to Sepharose 4 B (Pharmacia Fine Chemicals, Uppsala, Sweden) . The cleared lysates were filtered and then immunoprecipitated with F23 .1 coupled directly to Sepharose 4 B (5 mg IgG per milliliter of packed beads) . Immunoprecipitates were run on a 12 .5% SDS-PAGE gel under reducing conditions, and autoradiographed . Preparation of RNA and DNA. Total cellular RNA was extracted from fresh lymph node tissue using the guanidinium/cesium chloride method (28), whereas cytoplasmic RNA was extracted from cultured cells using NP-40 and phenol . Isolation of genomic DNA followed the procedure of Wigler et al . (29) .
Filter Hybridizations. Glyoxylated RNA and restriction enzyme-digested genomic DNA were electrophoresed on agarose gels, transferred to Hybond-N nylon membrane (Amersham Corp ., Amersham, United Kingdom), and hybridized as described previously (30, 31) . cDNA were subcloned into SP6 plasmids and were used to transcribe in vitro "P-labeled RNA probes complementary to mRNA . The recombinant plasmids were characterized by restriction enzyme mapping, detection of the correct germline bands and/or detection of the correct size of the message on Northern blots . cDNA were kindly provided by Dr. T . Mak (TCR-a, VJC, and 3'untranslated sequences), Dr . E . Palmer (TCR-/3, JC#2, and 3'untranslated sequences), Dr . B . Malissen (TCR-V#8 . 1 TB, 2 sequence 5' of Pvu II site [32] ) and Dr . S . Hedrick (Thy-1 .1 [TM8], [4] ) . The 217 by Bal 1 fragment of the TCR-# constant domain was also subcloned into SP6 plasmids and used to transcribe probes giving equal hybridization to both Cs loci on genomic blots . TCR a and ,B gene expression by freshly isolated nude T lymphocytes. Total cellular RNA from nu/nu (24 Kg) or nu/+ (12 Pg) I mphoid cells was run on an agarose gel, transferred to nitrocellulose and hybridized with 2P-labeled antisense RNA probes corresponding to Thy-1, TCR a, and 13 genes. RNA from EL-4 thymoma cells (12 , ag) was included for comparison (scale in kb). No hybridization of any of the probes was observed with control RNA from the B lymphoma A20/2J (data not shown).
Results
Expression of TCR Genes 8y Freshly Isolated Nude T Lymphocytes. In previous studies (24), we determined that the development of T lymphocytes in lymphoid organs of athymic mice was both age and strain dependent. Among the strains tested, the highest proportion of T cells was found in aged nude mice on a N:NIH 11 genetic background (14) . These mice were therefore selected for further analysis of TCR expression . To this end, lymph node and spleen cells from nude or control (nu/+) N:NIH 11 mice were pooled . Total cellular RNA was extracted from these cells, run on agarose gels, transferred to nitrocellulose, and hybridized with cDNA probes specific for TCR-a and -,6 chains. A control Thy-I cDNA probe was used in this and subsequent studies to ensure that comparable amounts of T cell-specific mRNA were present in all samples tested . An additional RNA sample from EL4 thymoma cells was included as a positive contr As shown in Fig. 1 , both nude and control (nu/+) RNA preparations hybridized to the Thy-1 probe, revealing the expected 1 .8 kb message . As predicted from the relative proportions of Thy-1 + cells in these populations (Fig . 2) , the level of Thy-I message was two-to three-fold lower in nudes than control nu/+ . Messages of 1 .4 kb and 1 .3 kb, corresponding to full-length transcripts of the TCR-a and -(I chains, were also found in both nu/nu and nu/+ populations. Truncated (1 .1 and 1 .0 kb) transcripts of both chains were also observed, although apparently to a lesser extent for the a chain in nudes. By densitometric analysis, the amount of full-length TCR-a and -# message was significantly (two-to-three-fold) lower alized on the basis of expression of Thy-1 . of TCR Proteins on Fresh and Activated Nude T Lymphocytes. Although the presence of full-length TCR-a and -# gene transcripts is a necessary prerequisite for expression of TCR protein, other factors (such as TCR assembly with the CD3 complex) could theoretically limit cell surface expression of these molecules. To study cell surface TCR expression, we therefore made use of mAbs KJ16-133 (20) and F23 .1 (21) , which react with protein products of a family of TCR-a chain variable region genes (termed V#S ; see references 33 and 34), apparently in association with any a gene product. For these experiments, nude lymph node cells were purified on nylon wool columns to give a three-to four-fold enrichment in Thy-1' cells, thus making this population equivalent in T cell content (^-70%) to the nonpurified nu/+ control lymph node (Fig. 2 ) . As shown in Fig. 3 ,^-10 and 15% of nu/+ lymph node cells stained with KJ16-133 and F23.1 mAbs, respectively, while a lower proportion (^-5%) of NWP nude T cells stained with these reagents . Staining of freshly isolated nude T cells was clearly biphasic on a logarithmic scale, although the absolute intensity was twofold lower than for the nu/+ control ( Fig . 3) . Upregulation of expression of TCR proteins following in vitro activation by lectins, phorbol esters, and/or calcium ionophores has been observed for certain populations of phenotypically immature mouse T cells (35) and human leukemia cells . 2 We therefore investigated expression of KJ16-133 and F23 .1 antigens on nude T cells that had been cultured for 6 d with a combination of PMA, ionomycin, and IL-2, a protocol that has been found to induce optimal proliferation of both Lyt-2+ and L3T4+ mature T cells (36) as well as immature (Lyt-2 -, L3T4 -) thymocytes (37) . As shown in Fig . 3 , a similar proportion (^-10%) of PMA/ionomycin-cultured nude lymphoid cells expressed KJ 16 antigen at about the same level as control PMA/ionomycin-stimulated nu/+ lymphoid cells .^-15% of cells in both cultured populations also reacted with F23 .1 (Fig . 3) . The higher proportion of F23 .1 + (as opposed to KJ16+) T cells is in accord with earlier studies (20, 21) and presumably reflects the fact that F23 .1 reacts with all three members of the Vs8 family, whereas KJ16 reacts with only two (38) . Stimulation of nude or nu/+ lymphoid cells with Con A plus IL-2 resulted in comparable levels of KJ16 and F23 expression as PMA/ionomycin stimulation (data not shown) .
To exclude the unlikely possibility that F23 .1/KJ16-133 expression on nude T cells resulted from crossreactivity of the antibodies with a cell surface structure unrelated to the TCR, cultured nude (or control nu/+) cells were surface iodinated and the detergent-soluble lysates were immunoprecipitated with purified F23 .1 antibodies conjugated to Sepharose beads . Similarly labeled species of 38-43 kD were specifically immunoprecipitated from both nude and nu/+ preparations under reducing conditions, while control lysates from myeloma cells were negative (Fig. 4) . Thus F23 .1 reacted with a molecular complex on nude T cells with the expected physical properties of the a/S dimer .
TCR Expression in Individual Nude Mice. Previous reports from our laboratory (16) and others (39, 40) have demonstrated a considerable degree of variability in the functional antigen-specific immune responsiveness of individual nude mice . Because the preceding experiments were carried out with pooled lymphoid cells from several animals, a corresponding potential variability in TCR expres- sion would tend to be masked. We therefore decided to investigate TCR expression in individual animals . As shown in Table I , there was a remarkable variability in F23 .1 and KJ16-133 expression in PMA/ionomycin-stimulated lymph node preparations from a series of 11 individual N :NIH II nude mice, with the proportion of F23 + cells ranging from undetectable to 47% . In contrast, the proportion of F23+ cells in control (PMA/ionomycin-stimulated) nu/+ lymph node cells was much more constant in individual mice (ranging from 14 to 24% in five determinations) . Analysis of V,38-specific message (using a V,98 .1 probe that hybridizes with all three family members) further indicated a correlation with F23/KJ16 expression in individual nude mice (Fig. 5) . Several trivial explanations for the highly variable expression of F23/KJ16 antigens on cultured nude lymphoid cells were considered. First, the possibility that high F23 expression in certain mice reflected a selection for Thy-1+ cells in culture could be excluded, because almost all cultured populations contained >80% Thy-1 + cells (Table I ). An alternative explanation, namely that V, 38 (F23/KJ16)-positive cells were somehow selected for by the culture conditions, also seems highly improbable in view of the fact that full-length TCR-a and -,B transcripts were found in PMA/ionomycin-stimulated cells from individual nude mice irrespective of the level of F23/KJ 16 (or V#8) expression (Fig. 5) We have recently reported that T cell subsets are abnormally distributed in athymic mice (25) . Thus while eripheral T cells express either L3T4 or Lyt-2 (in a roughly equal ratio), individual nude mice frequently express disproportionate levels of these differentiation markers as exemplified in Table I . In view of the marked variability of F23/KJ16 expression in individual nude mice, we therefore invesed whether TCR expression was linked to a particular subset of T cells. For se experiments, a two-color immunofluorescence technique was used in which F23 was revealed by a green (FITC-conjugated) anti-Ig antibody and biotinylated Lyt-2 or L3T4 was revealed by red (phycoerythrin-conjugated) avidin . Results from several representative PMA/ionomycin-stimulated nude lymphoid populas, as well as cultured control (nu/+) cells, are shown in Fig. 6 and a detailed summary of all data is given in Table 11 . Several important points emerge from this analysis. First, as is the case in normal mice (41) Table II . (41) (Table 11) , there is a striking tendency for F23 + cells to be present predominantly in only one subset (i .e., Lyt-2+ or L3T4 +) of nude T cells . Even more surprisingly, F23+ cells can account for virtually all the T cells in the L3T4' subset of certain individual nude mice. Because F23 + cells account for only -15% ofnormal T cells on this genetic background, such a result implies either a strong selection for certain TCR-fl chain variable region genes during extrathymic differentiation, or the selective expansion of very small numbers of preexisting T cells expressing these genes. TCR-,Q chain Rearrangements in Nude T Cells . The results detailed above raised the possibility that T cell populations in nude mice might be oligoclonal in origin . To test this hypothesis directly at the molecular level, DNA extracted from PMA/ionomycin-stimulated T cells from individual nude mice was digested with appropriate restriction enzymes, run on an agarose gel and transferred to nitrocellulose . When probed with a #-chain constant region probe, a Hind III digest of control germline (liver) DNA revealed the expected bands of 9.5 kb and 3 .5 kb, corresponding to fragments containing the C#I and C#2 loci, respectively (42) . In DNA from cultured nu/+ T cells, no 9.5 kb band was detectable (Fig . 7) , indicating that virtually all cells in this normal population had rearrangements or deletions at the Cs1 locus . No new bands could be seen, presumably because the rearrangements were polyclonal (and hence random) . When DNA from several cultured nude T cell populations was analyzed in the same fashion, a different pattern was observed (Fig . 7) . First, a small but detectable amount of unrearranged (9.5 kb) DNA was present . In addition, a series of new bands (or smears) were apparent below the 9.5 kb germline band in all nude mice, suggesting nonrandom rearrangements to the Csl locus . In one particular case (nude mouse 2), a strong rearranged band corresponding to 80-90% germline intensity was observed, presumably indicating the presence of a high proportion of clonally derived T cells in this individual . The apparently clonal nature of most T cells in nude mouse 2 was confirmed by digesting the same DNA preparation with Hpa II and probing with C# (data not shown) .
4 T CELL RECEPTORS IN NUDE MICE

Discussion
The data presented in this report demonstrate formally that expression of TCR a/,B heterodimers can occur extrathymically. Thus, freshly isolated T cells from aged nude mice expressed full-length transcripts for both the TCR a and (3 genes and low (but detectable) levels of TCR protein at the cell surface. Immunoprecipitation analysis confirmed that the surface structure recognized by anti-TCR mAb F23 on activated nude and normal T cells was similar, and that it corresponded to the expected properties of the a/,B heterodimer. Our data are in apparent contradiction with two recent reports indicating that TCR a and 0 chain transcripts were either absent (11) or truncated (43) in freshly isolated cells from nude mice . However, these studies did not confirm the presence of other T cell-specific messages in the RNA preparations used . Furthermore, the source of nude T cells used (2-3-mo-old BALB/c mice) would be expected on the basis of earlier studies (24) to be particularly low in mature T cell content.
A striking finding in the present study was the variability of expression of F23/KJ16 determinants on T cells from individual nude mice . F23.1 and KJ16-133 antibodies are known to react with TCR heterodimers containing the product of a particular family of ,B chain variable region genes (known as V0e) (33, 34) , and the reduced proportion of KJ16+ (as opposed to F23') cells in polyclonal T cell populations reflects the fact that KJ 16 recognizes only two of the three members of the V,38 family (38) . Thus, the widely variable F23/KJ16 expression in T cells of individual nude mice could be most readily interpreted to mean that there is a strong but random selection for V# gene usage in these animals. An alternative possibility, namely that V, 6 selection is nonrandom and biased towards V#8 in nude mice seems highly unlikely in view of the fact that T cells from individual nude mice expressed detectable amounts of full-length TCR a and ,B transcripts irrespective of whether or not they expressed F23/KJ16 . Several other observations are relevant in the context of a model in which particular V# genes are selected for in individual nude mice . Thus, analysis of F23 expression in Lyt-2+ or L3T4 + subsets of nude T cells revealed that, in contrast to normal mice (41), F23 expression was frequently associated predominantly with either Lyt-2+ or L3T4+ cells. Even more strikingly, several independent examples were seen of L3T4+ subsets of nude T cells that were virtually 100% F23+, and there was a strong tendency toward overexpression of F23 in general among L3T4+ nude T cells (73 vs. 33% in control nu/+). The mechanism underlying this apparent selection for the V#8 gene family among L3T4+ nude T cells is unknown, but could be speculated to be the result of a developmental regulation of expression of V,e gene segments . In this context, we have recently observed that Vfte genes are overexpressed in a subset of immature (Lyt-2 -, L3T4-) normal thymocytes (44) . Because rearrangement and expression of TCR genes in athymic mice appears to be severely retarded, preferential expression of developmentally immature Vfl segments might be expected . In such a case, the fact that F23 expression was normal among Lyt-2+ nude T cells (21 %) would imply either a distinct developmental sequence of V,# gene expression for L3T4+ and Lyt-2+ T cells (and hence independent lineages), or alternatively, a more 205 efficient differentiation of the Lyt-2+ lineage leading to a greater degree of receptor polyclonality.
We have previously observed that the specificity pattern of alloreactive T cells in individual nude mice is more restricted than that of their euthymic littermates (16) . On the basis of these and other similar findings (39, 40) , we (16) and others (13) proposed that the repertoire of antigen-specific T cells in nude mice may be oligoclonal. Direct evidence in favor of this hypothesis is provided in the present study by the observation of more restricted (and in some cases unique) rearrangements at the TCR ,B locus in cultured T cells from certain individual nude mice . No such presumably monoclonal rearrangements were seen in control (nu/+) T cells in this or (to our knowledge) any other similar study. In evaluating the apparent frequency of these rearrangements, it should be noted that (for practical reasons) we were unable to evaluate TCR ,B chain rearrangements in isolated Lyt-2+ or L3T4 + subsets from nude mice. Thus the failure to detect unique rearranged bands in most animals does not preclude the possibility that additional monoclonal rearrangements may exist at the subset level.
The presence of oligoclonal ,3 chain rearrangement in athymic mice raises the question of whether a chain rearrangements are likewise restricted. Unfortunately, the large size of the a locus (45-47) makes direct analysis of a rearrangements difficult without specialized probes and gel technology. Because a rearrangements occur later in normal T cell development than # rearrangements (6-10), it might nevertheless be anticipated that whatever mechanism leads to restricted expression of Q chains in athymic mice may also influence a chain expression . If so, and assuming that association of a and a chains is random, a practical consequence of such a putative oligoclonal a chain repertoire would be to further restrict the number of possible a/a protein heterodimers expressed in nude T cells. At present, we have no data bearing directly on this issue; however, the more discrete pattern of TCR proteins precipitated by F23 .1 from nude (as opposed to nu/+) T cells would be consistent with such an interpretation .
The mechanism responsible for the observed upregulation of expression of TCR protein in nude T cells following exposure to PMA/ionomycin or Con A requires further study. Other examples of increased surface expression of TCR protein upon in vitro stimulation have been seen in a subset of phenotypically immature (Lyt-2 -, L3T4 -) T cells in autoimmune lpr mice (35) and in certain human T cell leukemias with immature phenotype.' Whether such upregulation reflects changes in the transcription rate of TCR genes themselves or in other molecules (such as the CD3 complex) that may limit their assembly and surface expression remains to be established.
Finally, it should be noted that the present demonstration of a/,8 heterodimers on at least some nude T cells does not exclude the possibility that other CD3-associated structures may also be expressed in athymic mice . In this regard, recent studies of phenotypically immature T cells in both human (48, 49) and murine (50, 51) systems have clearly established the existence of CD3-associated molecular complexes containing the protein product of the rearranging T cellspecific 7 gene previously shown to be structurally homologous to a and ,B (52) . Because the level of expression of this gamma gene is elevated in freshly isolated (43) and PMA/ionomycin-stimulated nude T cells (G. Meischer, R. K. Lees, and H . R MacDonald, unpublished data), it remains possible that some nude T cells express the gamma protein in association with CD3. Such a finding would be consistent with the presence of increased numbers of immature (Lyt-2 -, L3T4-) T cells in athymic mice (25) , since cells of this phenotype have been shown elsewhere to express the gamma protein (49) (50) (51) (52) .
Summary
The expression of T cell antigen receptors (TCR) in congenitally athymic (nude) mice has been investigated . Lymph node T cells from 4-5-mo-old athymic mice expressed full-length transcripts for the TCR a and ,B chains at a level twoto three-fold lower than normal littermate (nu/+) controls . Low levels of expression of TCR protein at the surface of a proportion of nude T cells was demonstrated by staining with monoclonal antibodies KJ16-133 and F23.1 (directed against protein products of a family of TCR 0 chain variable region genes known as V#8) . Immunoprecipitation studies confirmed that F23 .1 reacted with a similar molecular species on nude and nu/+ T cells.
Studies with individual nude mice revealed a striking heterogeneity in the proportion of T cells expressing KJ 16/F23 .1 that was not seen in normal animals. This heterogeneity correlated with the expression of mRNA specific for V'38 but not with total expression of full-length ,B chain transcripts . Analysis of Lyt-2+ and L3T4'' T cell subsets in individual nude mice further demonstrated that F23.1 expression was frequently associated with only one subset, and several cases were seen in which all L3T4 + cells expressed F23 .1 . In contrast, a similar (and constant) proportion of Lyt-2+ or L3T4' T cells expressed F23.1 in control mice . Southern blotting of Hind III-digested DNA from nude T cells with a C# probe revealed a more restricted pattern of TCR a chain rearrangements than was seen for normal T cells. Taken together, these data provide compelling evidence that TCR gene rearrangement and expression can occur extrathymically. Furthermore, they suggest a model according to which the restricted functional repertoire of T cells previously observed in individual nude mice results from an oligoclonal expansion of T cells that have randomly rearranged and expressed TCR (3 chain genes.
